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ABSTRACT 
Production of hazelnuts has historically been limited to regions with mild 
climates, with almost all hazelnut production in the United States occurring in Oregon. A 
recent boom in demand, along with an expanded selection of varieties with improved 
environmental tolerances, has pushed hazelnut production into new regions . Hazelnut 
production could prove profitable in areas of the Midwest that are less well-suited to the 
cultivation of maize and soybeans . However, the lack of varieties proven to thrive in the 
climatological conditions of this region (cold winters, hot summers, frequent drought) 
presents a barrier to the viability of hazelnut production. A trial orchard was established 
in east-central Illinois to test the performance of seven hazelnut varieties, with a focus on 
issues present during orchard establishment. The orchard included five cultivars 
(Carmela, Gene, Matt, Slate, and Redleaf) and two seedling lines (NY and Precocious) . 
To determine their suitability, I followed several traits that can be affected by 
climatological conditions : winter damage, flowering phenology, and extension growth. 
Additionally, I evaluated drought stress by assessing stomatal characteristics associated 
with drought resistance alongside quantitative measurements of plant stress through the 
chlorophyll fluorescence parameters Fv/Fm and PIAss .  
Flowering occurred in the orchard between mid-March and early April ,  20 1 5 . 
There was overlap in the flowering windows for both genders of all varieties, a promising 
sign for fertilization and nut set in mature plants .  Winter damage and extension growth 
proved more problematic .  Winter damage decreased from 20 1 4  to 20 1 5 , but this decrease 
was likely due to more mild temperatures in the latter year, and cannot be contributed to 
plant maturity alone . The majority of extension growth occurred in the orchard before 
water became limiting in August. Only two varieties, NY and Redleaf, showed continued 
growth during the dry late season. As vegetative growth is linked to reproductive output, 
a combination of winter stem death and limited summer growth could lead to decreased 
yields in certain varieties at maturity. 
Stomatal density differed significantly among varieties and correlated positively 
with growth. Fv/Fm and PlAss peaked in early August and declined until senescence due 
to the combined influence of leaf age, high temperature, and limited rainfall .  
Surprisingly, there was an additional depression in  fluorescence parameters early in  the 
season during a period of high rainfall .  Hazelnuts are generally considered to be flood 
tolerant, so stress in response to high soil moisture content was unexpected. During the 
dry period, fluorescence parameters correlated negatively with growth, which is evidence 
of higher stress in plants with greater growth. Use of orchard sites with adequate 
drainage, late summer irrigation, and selection of varieties tolerant of the Midwestern 
climate will prove key in successful orchard establishment. Taken together, these results 
represent a groundwork for future hazelnut production in this region, with further study 
necessary as this orchard matures and bears fruit. 
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INTRODUCTION 
With increasing demand in recent years, the cultivation of hazelnuts ( Corylus spp. 
and hybrids) has spread to new regions . In the United States, hazelnut production has 
historically been limited to the Pacific northwest, and efforts to cultivate this crop outside 
of that region have been curtailed by two factors : the disease eastern filbert blight (EFB) 
and climate (Mehlenbacher 2003) .  As EFB-resistant hazelnut varieties have become 
widely available in recent years (Molnar et al . 2005),  climatological factors are now the 
main challenge to the expansion of hazelnut cultivation. In the Midwest, hazelnuts have 
great potential as an alternative, sustainable crop in areas less well-suited to the 
cultivation of maize and soybeans. However, the cold winters, hot summers, and frequent 
droughts of the Midwest are dramatically different from the mild, Mediterranean-like 
climates where hazelnuts usually thrive. There are a number of hazelnut varieties that 
could theoretically grow in Midwestern conditions, but a lack of proven cultivars stands 
as the largest barrier to productivity of this crop in the region (Jensen 20 1 4) .  Hybrids of 
the commercially dominant European hazelnut (C. avellana L.)  with the blight-resistant 
and cold-tolerant American hazelnut (C. americana Walter) can produce desirable fruits 
within an expanded range (Molnar et al . 2013, Rutter et al . 2015), but these hybrids have 
yet to be field tested in the Midwest. Here, I make a first effort to characterize the 
performance of several hazelnut varieties within the Midwest while identifying 
challenges to hazelnut success in the region. 
The following chapters document the results of a study conducted in a trial 
hazelnut orchard in east-central Illinois .  I focused on potential challenges to early orchard 
establishment along with factors indicative of plant performance at maturity to assess 
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both initial and long-term processes. Specifically, I examined: (i) patterns of reproductive 
and vegetative phenology along with environmentally-driven stress, and (ii) the dynamics 
of stress tolerance in hazelnuts through stomata! characterization and assessment with 
chlorophyll fluorescence. 
Study site 
The study was conducted at an experimental orchard established in September, 
20 1 3 ,  on land provided by the Casey Westfield School District in Clark County, Illinois 
(39° 1 8 '3 l.6 "N 87°57'43 .6 "W) .  The orchard was planted with seven hazelnut varieties in 
total : five clonally propagated cultivars and two seedling lines. Trees were planted into 
landscape fabric and mulched annually to control weeds; trees were pruned to remove 
deadwood and encourage an upright growth form. Aside from initial watering at the time 
of planting, no additional inputs (irrigation, fertilization) were applied during the duration 
of this study. 
Phenological and environmental challenges to hazelnut establishment 
Flowering, bud break, and growth were assessed in the orchard, as the timing of 
these phenological events can vary under different climatological conditions and affect 
vegetative growth and, in mature plants, fruit set. Additionally, I quantified winter stem 
damage in 20 1 4  and 2 0 1 5 .  Stem damage and total vegetative extension growth at the end 
of the 20 1 5  growing season were used to assess the tolerances of different hazelnut 
varieties to the harsh winters and hot, dry summers common in the Midwest. 
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Stomata! characterization and assessment of environmental stress by chlorophyll 
fluorescence 
I evaluated stress tolerance in hazelnuts by assessing both leaf anatomical 
characteristics associated with drought tolerance alongside physiological measurements 
of the magnitude of drought stress on the plants. Changes in the chlorophyll fluorescence 
parameters Fv/Fm and PIAss were followed throughout the 20 1 5  growing season as 
measures of photosynthetic response to stress. Stomatal size and density, and chlorophyll 
fluorescence parameters were compared among hazelnut varieties and correlated with 
growth to assess plant performance under seasonal environmental stressors. 
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CHAPTER 1 
HAZELNUTS AS AN ALTERNATIVE CROP IN THE MIDWEST: ISSUES IN EARLY 
ESTABLISHMENT 
ABSTRACT 
Hazelnuts are an important nut crop in areas with mild winters and summers, and 
an increasing range of varieties with greater environmental tolerances and disease 
resistance could allow for greater cultivation in the Midwest. A trial orchard was 
established in east-central Illinois consisting of five cultivars and two seedling l ines to 
determine which varieties are best suited to this region. I focused on factors that could be 
affected by the climatological conditions in this region, including growth, winter damage, 
and vegetative and flowering phenology. Phenological characteristics were promising for 
this region. Both male and female flowering occurred from March 1 4  to April 7, 20 1 5 ; 
flowering windows overlapped for all varieties, which would allow for successful 
pollination and nut set in mature plants. Other factors were more concerning. Winter 
damage decreased from 20 1 4  to 20 1 5 , but the level of stem damage in some varieties 
(NY, Slate, and Redleaf in the first year; Gene in the second year) could prove 
problematic when accompanied by l imited extension growth. Growth was consistent 
through the middle of the growing season, but most varieties stopped growing with the 
onset of a late season dry period. As vegetative growth is linked to reproductive output in 
hazelnuts, NY and Redleaf, the two varieties that showed growth after the onset of the 
dry period could be more productive where some level of drought stress is expected in 
each growing season. My results suggest that certain varieties are better suited to low 
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winter temperatures and drought in this region. Further study is necessary to see how 
these variable environmental tolerances affect nut yield in mature trees. 
INTRODUCTION 
Hazelnuts (Cory/us ave Ilana L. and hybrids) are an important nut crop with 
production focused in areas with mild winters and cool summers, including Turkey, Italy, 
and the US Pacific Northwest (Mehlenbacher 2003) .  With increasing demand, hazelnut 
production has expanded from these core areas into Australia and Chile (Solar and 
Stampar 20 1 1 ) , as well as other regions of the United States. Historically, susceptibility 
to eastern filbert blight and lack of cold hardiness have limited production of this crop to 
Oregon's  Willamette Valley, an area with ideal conditions for cultivation that accounts 
for 98% of hazelnut production in the US (Mehlenbacher 2003) .  With a major breeding 
program underway in New Jersey (Molnar et al . 2005),  as well as screening efforts in 
Minnesota and Wisconsin (Braun 20 1 3) ,  several varieties have emerged that may prove 
suitable for cultivation in other regions. These efforts, with the addition of selected 
cultivars from traditional hazelnut producing areas, allow for an expanded potential range 
for this in-demand crop. 
The agricultural industry of the Midwestern US is dominated by the production of 
maize, soybeans, and, to a lesser extent, wheat (O'Neal et al . 2005) .  While these crops 
have proven profitable in much of the area, the region also contains areas with steeper 
slopes and more heavily dissected drainage systems, where traditional row cropping 
methods can cause soil erosion and other detrimental environmental effects. The threat 
for erosion leaves a significant portion of the landscape unsuitable for row cropping, and 
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otherwise productive land is left fallow or used for hay production or grazing. 
Agroforestry, an alternative cropping system that combines traditional row crops with 
trees and shrubs, is well-documented for its potential to stabilize soi l  and reduce erosion 
(Jose 2009), with concomitant benefits for water and air quality (Smith et al . 20 1 2) .  
Hazelnuts, long since identified as a potential alternative crop for  regions where row 
cropping is unsuitable, could provide an economically and environmentally valuable 
alternative crop in the Midwest (Molnar et al . 2 0 1 3 ) .  
While efforts have been made to  introduce hazelnuts to  the Midwest, a lack of 
proven, reliable varieties presents a barrier to profitability (Jensen 20 1 4) .  Relative to 
traditional hazelnut-producing regions, the Midwest has a more variable climate, with 
both hotter summers and colder winters, as well as an increased probability of drought. 
These may represent critical challenges to hazelnut production by damaging plants, 
inhibiting growth, and reducing reproduction. I specifically focused on factors affecting 
the early success of plants, as challenges at this phase have the potential to limit the 
adoption of sustainable alternatives to industrial agriculture in the region. 
Hazelnuts reach commercial production levels within five years of planting, with 
certain hybrids producing as early as three years of age (Rutter 2000, Mehlenbacher 
2003) .  Early allocation to vegetative growth allows established trees to devote more 
resources to nut production at a younger age (Thompson and Grauke 2003) ,  and greater 
extension growth in one season allows for higher nut production in the next (Mingeau et 
al . 1 994) . During this key phase of early vegetative growth, young plants are highly 
susceptible to drought, frost, and other environmental stressors (Franklin et al. 1 987,  
Rutter et  al . 20 1 5 ) .  Water deficit can prove especially damaging, imposing severe 
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limitations on vegetative growth and, in mature plants, yield (Mingeau et al . 1 994) . 
Drought tolerance can be assessed by a number of factors including rooting depth, 
stomata! characteristics, and timing of vegetative growth (Abrams 1 990, Singh and 
Kushwaha 2005) .  Vegetative phenology may mediate susceptibility to drought stress, 
with vegetative growth later in the season more likely to be negatively affected by 
droughts common in the Midwest. Additional phenological variation in the timing of bud 
break could cause variations in susceptibility to late spring frosts. By evaluating both 
vegetative bud break and extension growth timing, it is possible to evaluate the 
susceptibility of hazelnut varieties to two major limitations to vegetative growth: frost 
and water deficit. 
Flowering phenology, a key factor in nut set in mature plants, may also be 
affected by climatological conditions in the Midwest. Hazelnuts, like most wind­
pollinated woody plants, flower during early spring before vegetative bud break (Rutter 
et al . 20 1 5) .  Because hazelnuts are self-incompatible, they must be planted with at least 
one other variety genetically dissimilar enough to allow for pollination (Mehlenbacher 
2003) .  While much is already known about the cross compatibility of Corylus species 
(Ma et al . 20 1 3 ) ,  and even that of many important cultivars (Mehlenbacher 2003),  this 
information may not be enough to ensure successful pollination in an orchard. Cross­
compatible cultivars must have overlapping flowering windows for successful 
pollination. There is large variation in timing and length of phenological stages in both 
male and female flowers, dependent on both genotype and climatological conditions. 
Year to year, dates of flowering may differ based on local climatological conditions, but 
cultivars usually flower in the same order each year (Capik and Molnar 20 1 4) .  When 
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grown in different regions, a single cultivar may have flowering windows that differ by 
as much as a month (Solar and Stampar 20 1 1 ,  Capik and Molnar 20 1 4) .  This variation 
stresses the need for regionally specific evaluation of flowering phenology for hazelnut 
varieties. 
Flowering time also has a considerable effect on the cold hardiness of hazelnut 
varieties. Catkins are more prone to frost damage than woody tissues, and cultivars that 
perform well vegetatively may not set fruit due to catkin damage and a resulting lack of 
pollination. Accordingly, cold hardy cultivars have a tendency to be late flowering 
(Molnar et al . 2005) .  Female flowers may also be affected by frost, with documented 
reduction in yield of as much as 90% in response to late frosts (Solar and Stampar 2009) . 
As such, documenting reproductive phenology and susceptibility to frost damage in 
young trees can screen for reproductive success in the same varieties at maturity. 
The obj ectives of my study were to identify early challenges to hazelnut growth 
and reproduction, and to determine suitable hazelnut varieties for production in the 
Midwest within a trial orchard. In this study, I screened five hazelnut cultivars and two 
seedling lines for characteristics important early in orchard establishment : growth, 
phenology, and winter damage. 
METHODS 
Study site and plant material 
This study utilized an experimental orchard established in September, 20 1 3 , on 
land provided by the Casey-Westfield School District in Clark County, Illinois 
(39° 1 8 '3 1 . 6 "N 87°57'43 .6 "W) .  The orchard consists of ten individuals each of five 
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commercially available hazelnut cultivars ( C. americana x ave Ilana: Gene, Slate, and 
Carmela; C. avellana x colurna: Matt; unknown Corylus hybrid: Redleaf; purchased from 
Grirno Nut Nursery, Niagra-on-the-Lake, Ontario) and twenty individuals each of two 
seedling l ines (NY, C. americana x avellana, Grirno Nut Nursery, and Precocious, C. 
americana x avellana, Oikos Tree Crops, Kalamazoo, Ml) . Trees were planted in two 
replicate blocks with individuals spaced 2 rn apart within rows. Row spacing was 
alternately 3 and 5 rn to allow for machine access. Spacing between blocks was four 
meters. Trees were planted into landscape fabric and annually mulched with wood chips 
to control weeds. Hazelnuts were pruned in September, 20 1 4, to encourage a tree-like 
growth habit, with additional pruning throughout the 20 1 5  growing season as needed. 
Precocious, a seedling line with a more robustly shrub-like growth habit, was not pruned 
to a single stern. Trees that died in the 20 1 3 - 1 4  season were replaced in May, 20 1 5 , for 
full replication. The annual average temperature in the region is 1 2 .2°C, with an average 
low temperature of -6 .  7°C in January and an average high of 30°C in July. In 20 1 5 , the 
year this study was conducted, the annual average temperature was 1 l .9°C, with an 
average low temperature of -6 .9°C in January and an average high temperature of 28 .7°C 
in July. Climatological conditions are represented in greater detail in Figure 1 . 1 . 
Growth 
In May 20 1 5 , two stern tips from the crown of each tree were tagged throughout 
the orchard. These sterns were measured from the position of the previous year' s terminal 
bud scale scar once every two to three weeks until senescence in the orchard to quantify 
seasonal changes in extension growth. Differences in extension growth among varieties 
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over time were evaluated with a one-way repeated measures ANOVA with Greenhouse­
Geisser correction to account for deviations from sphericity. Year-end extension growth 
data were analyzed with a one-way ANOVA followed by Tukey' s  range test using R 
version 3 . 1 .2 (R Foundation for Statistical Computing). 
Flowering and vegetative phenology 
Beginning in January 20 1 5 , trees were monitored weekly for signs of bud 
breakage .  Flowering was first observed on March 1 4, 20 1 5 , and, following this, 
flowering phenology was assessed in the orchard every 3 -4 days from that point until 
vegetative bud break was observed in the majority of trees in the orchard on April 7, 
20 1 5 .  
Male and female flowering were ranked using the stages of Germain and 
Sarraquigne (2004), as reported by Capik and Molnar (20 1 4) .  For male flowering 
phenology, catkins on all trees in the orchard were counted in late September, 20 1 4 . 
Catkins were followed through three stages. Stage 1 ,  elongation, was characterized by 
swelling of catkin tissues with l ittle or no pollen shed. Stage 2 represented peak 
elongation and pollen shed. Stage 3 had some pollen shed, but was marked by withered 
anthers . The highest number of catkins in all stages observed on any individual day was 
taken as the total number of flowering catkins. 
Female flowering was also ranked on a three stage scale, modified from the four 
stages of Germain and Sarraquigne (2004 ) .  Stage 1 ,  referred to as the "red dot" stage, was 
characterized by the appearance of the red stigmatic surface emerging from the flower 
bud. Stage 2 was marked by the emergence of red styles from the bud. Styles were fully 
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exerted in Stage 3 ,  the "full spider" stage. As female flower buds were indistinguishable 
from vegetative buds before the red dot stage, a total count of female flowers could not 
be made before flowering began, as with catkins . The highest number of female flowers 
in all stages observed on any individual day was taken as the total number of female 
flowers per plant. Differences among varieties for both total male and total female 
flowers were assessed with ANOV A. 
Vegetative buds were considered broken when the buds swelled, accompanied by 
clear separation of the bud scales (Germain and Sarraquigne 2004, Capik and Molnar 
20 1 4) .  The day on which 50% of all vegetative buds on a tree were broken was 
considered the leafing date . 
Winter Damage 
Winter damage was evaluated through the orchard using a six point damage scale 
as follows : (0) for no damage, ( 1 )  for minor bud damage only, (2) for minor stem 
damage, (3 ) for more extensive stem damage, e .g .  death of a branch, but not as extensive 
as ( 4) severe die back in much of the plant, but not ( 5) death. This was done after winter 
20 1 3 - 1 4  and winter 20 1 4- 1 5. Winter 20 1 3 - 1 4  was consistently colder than winter 20 1 4-
1 5 , with an average low temperature for the month of January of - l  l .7°C in 20 1 4  and -
6 .  9°C in 20 1 5 . Damage and loss of catkins was also quantified after winter 20 1 4- 1 5  by 
comparing total numbers of flowering catkins to total number of catkins observed in 
counts made in the fall of 20 1 4 . Differences in winter damage among varieties and 
between years were analyzed with a two-way ANOV A. 
1 1  
RESULTS 
Extension growth 
A repeated measures ANOVA was conducted to determine the effect of variety on 
growth over time. The effects of variety, time, and the time x variety interaction were all 
significant (Table 1 . 1  ). Patterns of extension growth were consistent among varieties 
early in the growing season (Fig. 1 .2) .  Later in the season, differences became noticeable 
between varieties. While all varieties exhibited extension through July 30, only the 
cultivar Redleaf and the NY seedling line showed continuing growth into the later, drier 
part of the season (Fig. 1 . 1 ) . Extension growth ranged from 3 .4 cm to 5 3 . 8  cm and 
averaged 1 4 .0± 1 . 1  cm. Total year-end extension growth varied significantly among 
varieties (F6,72 = 3 . 5 5 ,  P = 0 .0039,  R2 = 0 . 1 64 ;  Fig. 1 . 3 ) .  Gene and Redleaf showed the 
greatest extension growth, while Carmela had the lowest. 
Phenology 
Varieties differed in their fall catkin production (F6,76 = 7.22, P < 0 .000 1 ,  R2 = 
0 .3 1 ) .  The majority of individual trees did not produce catkins, with one variety, 
Precocious, producing no catkins whatsoever. Catkin production ranged from zero to 93 
catkins per tree, with an average of 6. 7 ± 1 .  7 catkins per tree across the orchard . The 
orchard suffered sizable catkin losses from fall set to spring flowering, dropping to an 
average of 1 . 8 ± 0 .6  catkins per tree. Gene, Slate, and Carmela were particularly 
impacted (Fig. 1 .4) .  Significant differences in catkin counts between cultivars were stil l  
observed in the spring (F6,76 = 5 .32 ,  P < 0 .000 1 ,  R2 = 0 .24 ,  Fig 1 . 5) ,  which were 
consistent with fall patterns of catkin production. 
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Varieties also differed significantly in their production of female flowers (F 6,76 = 
8 .26,  P < 0.000 1 ,  R2 = 0.3 5 ;  Fig. 1 . 5 ) .  Flower production by individual trees ranged from 
zero to 28 ,  with an average of 4 .7  ± 0.7 flowers per tree. While Gene produced the 
greatest number of catkins, Matt had the highest average female flower count. The 
seedling line Precocious once again exhibited the lowest number of flowers, averaging 
less than a single flower per tree. However, the low reproductive output of Precocious 
was likely related to its relatively small size at installation compared to other trees in the 
orchard. In the fall of 20 1 5 , Precocious trees had an average height of 47 .9 ± 2 .6cm 
compared to an average orchard-wide height of 96 .8  ± 5 .0cm. 
Male and female flowering were first observed on either March 1 4  or 1 7  for all 
varieties (Table 1 .2) .  Flowering was then tracked until vegetative bud break was observed 
in the majority of trees in the orchard on April 7. All varieties still exhibited signs of male 
and female flowering at this time, with the exception of the catkins of Slate, which 
stopped producing pollen by April 4. Dates of peak flowering, when the highest number 
of female or male flowers were observed, differed between varieties and flower genders. 
Male flowering peaked first for NY, Redleaf, and Slate, followed by Gene and Carmela. 
Female flowering peaked first for Slate, followed by NY, Redleaf, Matt, Precocious, 
Carmela, with Gene flowering last . Vegetative bud break occurred first in Carmela, NY, 
Precocious, and Slate, with other varieties breaking bud within the week. Despite these 
differences in peak flowering dates, there was overlap in flowering windows for both 
genders of all varieties 
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Winter Damage 
Winter damage differed significantly between years (Fuss= 9. 76, P = 0.002 1 ,  R2 
= 0 .25)  and between cultivars (F6.I58 = 6 .98 ,  P < 0.000 1 ) ,  as well as a significant year by 
cultivar interaction (F6.158 = 3 .00, P = 0.0083 ;  Fig.  1 .6) .  After the more severe winter of 
20 1 3 - 1 4, damage scores averaged 1 . 72 ± 0 . 1 5 , which decreased to an average of 1 .22  ± 
0.09 after the milder 20 1 4- 1 5  winter. The seedling line Precocious showed the lowest 
average damage score in both years and was significantly different from the varieties 
Geneva, Slate, and NY. The NY seedling l ine had the greatest damage score in the first 
year, with a marked decrease in average winter damage from 2 . 75 ± 0 . 32  in 20 1 3 - 1 4  to 
1 . 33  ± 0 . 1 9  in 20 1 4- 1 5 .  Damages scores were highest for Geneva after the winter of 
20 1 4- 1 5 , with an average score of 2 .00 ± 0. 1 9 . 
Winter damage also caused reductions in catkin numbers from fall counts to peak 
flowering (Ft,t64= 7 .42 ,  P = 0.007 1 ,  R2= 0.04) . An average of 6 .7± 1 . 7 catkins per tree 
were observed in the fall,  with a drastic drop to 1 . 8 ± 0 .6 catkins per tree at peak 
flowering. These losses disproportionately affected the variety Gene, which dropped from 
an average 30.0 ± 6 . 8  catkins per tree in the fall to 7 . 8  ± 3 .3 catkins per tree in the spring. 
Though the cultivar Matt had set catkins in the fall, none of these survived to flower (Fig. 
1 .4) .  
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Table 1 . 1 .  Results of a repeated measures ANOV A for change in growth over time. Time 
and the interaction of time with variety are within-subject tests and report a univariate F-
test using a Greenhouse-Geisser adjustment. 
Source of variation DF F p 
Variety 6,72 3 . 6 1  0 .0034 
Time· 2 .26, 1 62 . 8 8  4 . 84 0 .0068 
Time x Variety 1 3 . 57 ,  1 62 . 8 8  3 . 1 8  0 .0002 
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Table 1 .2 .  Timing of key phenological traits for seven hazelnut varieties, including dates 
of first, last, and peak flowering for both female (F) and male (M) flowers, along with 
vegetative bud break (veg) . 
First flowering Last flowering Peak flowering Vegetative 
date date date bud break 
;F 
! 
M F M F M Veg 




Mar. 1 7  Mar. 14 Apr. 7 Apr. 7 Apr. 7 Mar. 20 Apr. 7 
Matt ! Mar. 1 4  None Apr. 7 None Mar. 24 None Apr.4-7 
NY : Mar. 1 4  Mar. 1 7  Apr. 7 Apr. 7 Mar. 20 Mar. 1 7  Apr. 4- 1 0  
! 
Precocious ! Mar. 1 7  None Apr. 7 None Mar. 3 1  None Apr. 4- 1 4  
i 
Redleaf i Mar. 1 4  Mar. 1 7  Apr. 7 Apr. 7 Mar. 20 Mar. 1 7  Apr. 7 
Slate ! Mar. 1 4  Mar. 1 7  Apr. 7 Apr. 4 Mar. 1 7  Mar. 1 7  Apr. 4-7 
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Figure 1 . 1 .  Temperature and precipitation data for the 20 1 5  growing season, beginning 
on the date bud break was observed in the majority of trees (April 6) in the orchard and 
ending on final date on which extension growth measurements were recorded (September 
25) .  Precipitation data are 1 0-day cumulative values. All data are taken from the National 
Centers for Environmental Information (NCEI) from the Mattoon/Charleston monitoring 
station. 
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Figure 1 .2 .  Extension growth (cm) during summer 20 1 5 , starting from the average date of 
leaf out (April 71h ) and ending on September 251h . Values plotted are means for each 
variety. 
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Figure 1.3. Average total extension growth (cm) of hazelnut varieties through the 20 1 5 
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Figure 1 .4 .  Total catkins observed in fall 20 1 4  and total flowering catkins spring 20 1 5 . 
The variety 'Precocious' was omitted as it produced no catkins. Values plotted are means 
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Figure 1.5 .  Total female and male flowers observed in spring 20 1 5 . A,B,C values 
represent significant differences between female flowering totals, X, Y ,Z values represent 
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Figure 1 . 6 .  Winter damage on different hazelnut varieties in 20 1 4  and 20 1 5 . Values 
plotted are means with standard error; AB values represent significant differences in 
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The first years after planting an orchard are key in the establishment of vegetative 
biomass to later allow for high reproductive outputs. Low vegetative growth in young 
hazelnut trees could increase the time from orchard planting to nut production. There was 
significant variation in the extension growth among varieties in this study (Fig. 1 . 3 ) ,  
suggesting that certain varieties are more successful during the establishment period and 
could lead to faster returns on investment. Varieties that showed high year-end extension 
growth (e .g .  Redleaf and Gene) could have a competitive edge over other varieties (e .g .  
Matt, Carmela, and Slate) at maturity, as increased vegetative growth is  linked to increase 
nut production (Mingeau et al . 1 994 ). Additional inputs in the form of fertilizer or 
irrigation improve the performance of young hazelnuts (Rutter et al . 20 1 5) ,  and could 
improve the performance of varieties with less vigorous growth to capitalize on their 
more desirable traits. 
Timing of extension growth could also have a role to play in the viability of 
hazelnut cultivars in the Midwest. Awada and Josiah (2007) documented differing 
physiological responses to limited rainfall in several hazelnut hybrids. Certain hybrids 
were found to be more water conserving, while others showed higher potential to absorb 
limited soil water. Differing physiological strategies could contribute to the differing 
patterns of extension growth seen in this study (Fig . 1 .2) ;  varieties able to capitalize on 
limited water supply could continue to grow as rainfall became infrequent, as seen with 
the cultivars NY and Redleaf. In mature hazelnuts, there is increased water demand 
during kernel filling, more so than in other nut crops like almonds (Marsal et al . 1 997) .  
Hazelnut varieties capable of growth during water deficit may perform better during this 
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crucial period of high water demand. Mature hazelnuts respond well to supplemental 
irrigation with increased photosynthetic performance and nut quality (Dias et al . 2004); 
such practices may be necessary to assure successful nut production in mature hazelnut 
trees when grown in the Midwest. 
The onset of flowering observed in this study in mid-March was consistent with 
average flowering dates in certain other hazelnut-producing regions including Slovakia 
(Skvareninova 20 1 6), but differed from the timing of growth noted in a recent study in 
New Jersey (Capik and Molnar 20 1 4) .  Perhaps due to the late start to flowering caused by 
colder winters in the Midwest, the flowering period was abbreviated compared to those 
recorded by Capik and Molnar (20 1 4) .  There were no distinct temporal flowering groups; 
indeed, the flowering windows for both genders of all  varieties overlapped (Table 1 .2) .  
This is an encouraging observation for hazelnut production in the Midwest. Hazelnuts, 
when grown in traditional hazelnut producing regions, often have distinct male and 
female flowering windows. Since hazelnuts require pollen from a separate variety for 
successful fertilization (Mehlenbacher 2003),  the simultaneous flowering by all varieties 
in this study could prove conducive to effective pollination and nut production in mature 
trees. Recent studies have shown phenological events in hazelnuts to have shifted earlier 
in the year compared to historical benchmarks due to climatological change . 
Skvareninova (20 1 6) documented a five-day shift in hazelnut flowering phenology over a 
twenty year period. Though these shifts may seem insignificant in the short term, it will 
be necessary to document potential changes in hazelnut phenology in the Midwest over 
time, as these events have important repercussions on growth and yield in the variable 
Midwestern climate. 
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Winter damage could prove a costly challenge for many hazelnut varieties, 
especially in light of the dramatic loss of catkins from fall set to spring flowering seen 
here (Fig. 1 .4) .  While both male and female flower production can be impacted by 
environmental factors, catkins are particularly sensitive (Hampson et al . 1 996) . The trees 
evaluated here are still too young to assess the full impact of catkin loss on nut yield, so it 
is possible that these varieties overproduce catkins in the summer and fall to prepare for 
losses before pollen shed. However, the magnitude of catkin loss is  still a point of 
concern: well over half the catkins set in the orchard did not go on to flower, a sizeable 
loss on investment for these young trees. In addition to causing potential issues due to 
low pollen production, catkin losses may also have implications for female flower and, as 
a result, nut production. Female flowers can be borne directly on the stem or on the 
peduncle of the catkin itself, so loss of catkins may be accompanied by concomitant 
losses of female flowers (Hampson et al . 1 996) . 
Several factors contribute to the number of catkins produced by hazelnuts in the 
summer, including shading (Hampson et al . 1 996) and nutrient status (Rutter et al . 20 1 5 ) .  
Management practices that encourage high catkin production could counteract the effects 
of winter catkin loss.  Catkin production causes high demand for nitrogen in hazelnuts . As 
such, application of fertilizer during the summer can encourage high catkin production 
(Braun and Gillman 2009). Alternatively, selection of varieties that stil l  had large 
numbers of catkins after winter losses (e .g .  Gene and Carmela, Fig. 1 . 5 )  could allow for 
sufficient pollen production for fertilization and nut set. 
Though less sensitive to cold than catkins (Molnar et al . 2005),  vegetative tissues 
can also incur winter damage. Winter damage to vegetative tissues was not as striking as 
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catkin losses. There were few ( 5 out of 90 trees) deaths in the orchard over the first 
winter, and none in the second. Overall damage in the orchard decreased significantly for 
several cultivars in the second, milder winter. This  decrease in stem dieback in the second 
winter may reflect both the milder conditions that season and increased vigor in more 
mature trees. If this pattern holds as the trees mature, the effects of winter damage in 
established orchards may be minor, but only so long as extension growth outpaces stem 
damage. Nevertheless, this  is a promising result for potential growers in the Midwest :  
less than five percent of  trees incurred major stem death in  the second season. With 
selection of varieties l ike Precocious (Fig. 1 .6) ,  potential growers could minimize winter 
damage in their orchards and keep replacement costs low. 
The results here represent an important framework for the issues facing expansion 
of hazelnut production into the Midwest. Flowering phenology is  well-suited to the 
region, and certain varieties, especially Precocious, demonstrate the cold hardiness that is  
essential for success in the Midwest. However, the high susceptibility of catkins to winter 
damage could lead to issues in nut production of mature trees, and l imited vegetative 
growth demonstrated by certain varieties could indicate drought stress. More intensive 
management, especially for trees early in establishment, could ameliorate many of these 
issues. Though irrigation and application of fertilizer may not be essential for hazelnut 
success in this region, they are proven ways to increase growth and decrease mortality 
rates and the age of nut bearing (Rutter et al . 20 1 5 ) .  By following these trees into 
maturity, quality and quantity of nut production will allow for a stronger assessment of 
suitability of different hazelnut varieties in the Midwest. 
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CHAPTER2 
ASSESSMENT OF STRESS TOLERANCE IN HAZELNUT VARIETIES THROUGH STOMAT AL 
CHARACTERIZATION AND CHLOROPHYLL FLUORESCENCE 
ABSTRACT 
As demand increases and cultivation spreads into new regions, hazelnut producers 
must contend with new environmental challenges.  The Midwestern United States has 
potential for hazelnut cultivation, but climatological conditions in the region differ from 
the cool summers, mild winters, and consistent rainfall of traditional hazelnut-producing 
regions . Selection of drought tolerant varieties is key to the success of hazelnuts in the 
Midwest. Using a trial orchard in east-central Illinois, I screened seven hazelnut varieties 
for stomatal characteristics associated with drought tolerance and assessed the magnitude 
of environmental stress experienced by these varieties using the chlorophyll fluorescence 
parameters Fv!Fm and PIAss. Stomata! density differed significantly between cultivars 
within the orchard and was correlated positively with extension growth. Fv/Fm and PIAss 
peaked in early August, followed by a decline due to the combined factors of high 
temperature, low precipitation, and increasing leaf age.  An additional environmentally­
driven depression in Fv/Fm and PIAss occurred earlier in the growing season after a 
prolonged period of high rainfall .  Stress due to high soil moisture was unexpected in 
hazelnuts and suggests that drainage may be an important consideration when selecting 
orchard sites .  During the late season dry period, both fluorescence parameters correlated 
negatively with growth, evidence, perhaps, of water spending versus water conserving 
strategies in different hazelnut varieties. For successful orchard establishment, adequate 
drainage and irrigation during dry periods will be necessary, along with selection of 
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varieties like Matt and Redleaf, which showed greater resiliency under multiple 
environmental stressors. 
INTRODUCTION 
Traditionally a crop of mild, Mediterranean-like climates, a surge in demand has 
led to the expansion of hazelnut (Corylus species and hybrids) production into new 
regions . From regions typified by mild winters and cool summers such as Turkey, Italy, 
and the Pacific Northwest, cultivation has expanded into Australia, Chile, and the Eastern 
United States (Mehlenbacher 2003 , Solar and Stampar 20 1 1 ,  Molnar et al . 20 1 3) .  To 
expand into these new regions, producers must contend with both Eastern Filbert Blight 
and climates harsher than those typical of hazelnut producing regions. Breeding efforts 
have resulted in an abundance of hazelnut hybrids that combine the commercially 
desirable characteristics of the European hazelnut (C. avellana) with the disease 
resistance of the native American (C. americana) and beaked (C. cornuta) hazels (Molnar 
et al . 2005 , Rutter et al . 2 0 1 5) .  With disease resistant varieties now available, determining 
which of these varieties possess climatological tolerances suitable for new regions 
becomes a primary concern. 
The Midwestern United States is a prime candidate area for hazelnut production. 
While maize and soybeans are the dominant crops in the region, they are not equally 
well-suited to all areas of the landscape. Conventional agricultural practices can lead to 
erosion in the more sloped, heavily dissected areas of this region, resulting in otherwise 
productive land being used for grazing or left to lie fallow. Such erodible land has already 
been identified as possible sites for the production of woody, perennial biofuel crops 
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(Thomson et al . 20 1 4  ), and demand for such crops in this region is expected to increase 
as a changing climate decreases maize yields (Southworth et al . 2000) and increases soil 
erosion in soybean cultivation (Southworth et al . 2002). Hazelnuts, often cultivated on 
slopes, have excellent potential to mitigate soil erosion and could serve as another 
alternative wood crop for cultivation on marginal lands (Molnar et al . 20 1 3 ) .  While 
hazelnut production has already begun in some parts of the Midwest, a lack of suitable 
plant material has been identified by producers as the largest barrier to economic viability 
(Jensen 20 1 4) .  
Water stress can hamper both vegetative growth and nut production in  hazelnuts . 
Summer drought, especially in the crucial period between fertil ization and kernel filling, 
can lead to dramatic yield decreases (Mingeau et al . 1 994) . With summer water deficit 
already common in the Midwest and expected to increase in coming decades (Wuebbles 
and Hayhoe 2004), selection of drought-tolerant varieties is paramount to their success in 
the region. Different hazelnut hybrids have varying performance when water l imited, 
with some lines showing decreased vegetative growth which in turn can lead to decreased 
yields in later years (Mingeau et al . 1 994, Atkinson et al . 2000) . Evaluation of varieties 
for drought tolerance needs to assess both characteristics associated with resistance to 
drought as well as measurements of the magnitude of drought stress .  Preferably, the 
measure of stress should be sensitive enough to detect negative impacts before 
irreversible damage like stem dieback or whole-plant death occurs so that 
recommendations to growers can be made in a timely manner. 
Stomata play a key role in water regulation in plants .  To successfully withstand 
drought conditions, plants mitigate water stress by increasing water uptake and 
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decreasing water loss. A fundamental response to water stress is the closure of stomata to 
decrease water loss via transpiration (Chaves et al . 2003) .  In addition to short-term 
changes via stomatal closure, plants can regulate gas exchange over the long-term by 
changing stomatal size or density on new leaves in response to signals from older ones. 
Accordingly, plants grown in high C02 environments produce new leaves with decreased 
stomatal density (Brownlee 200 1 ,  Miller-Rushing et al . 2009, Woodward and Kelly 
1 995) ,  and plants experiencing water deficit produce new leaves with smaller or fewer 
stomata (Doheny-Adams et al . 20 1 2) .  In general, lower stomatal density and smaller 
stomata indicate plants with higher drought tolerance (Mehri et al . 2009) . As such, 
assessment of stomatal characteristics can serve as an important trait to assess potential 
drought resistance across hazelnut varieties. 
Measures of plant stress in response to drought can include wilting or tissue 
necrosis, but these represented high stress level that typically occur once major thresholds 
have been crossed. By assessing the function of the photosynthetic apparatus, chlorophyll 
fluorescence provides a rapid, quantitative assessment of stress before the appearance of 
visual cues (Maxwell and Johnson 2000). Chlorophyll fluorescence correlates strongly 
with C02 assimilation and can stand as a proxy for declining photosynthetic performance 
due to abiotic stress (Seaton and Walker 1 990, Maxwell and Johnson 2000) . This non­
destructive technique has been used to assess stress from chilling (Hakam et al . 2000, 
Strauss et al . 2005 , Gururani et al . 20 1 5) ,  high temperature, UV radiation (Smillie and 
Hetherington 1 983) ,  and water deficit (Percival and Sherriffs 2002) in a wide range of 
plant species. By evaluating stress levels of hazelnut varieties in the field as they respond 
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to environmental stressors, chlorophyll fluorescence can be an important tool in the 
selection of appropriate plant materials for this region. 
In this study, I sought to evaluate the performance of several hazelnut varieties 
under water stress grown in an orchard setting in the American Midwest. By assessing 
both stomatal characteristics and chlorophyll fluorescence, I attempted to characterize a 
functional trait effecting drought tolerance in concert with a quantitative measure of 
performance under stress .  Additionally, I related these measurements to vegetative 
growth to examine their practical impacts for potential producers . 
METHODS 
Field site 
This study util ized an experimental orchard established in September, 20 1 3 ,  on 
land provided by the Casey-Westfield School District in Clark County, Illinois 
(39° 1 8 '3 1 . 6 "N 87°57'43 .6 "W) .  The site contains five hazelnut cultivars (C. americana x 
avellana : Gene, Slate, and Carmela; C. avellana x colurna: Matt; unknown Corylus 
hybrid :  Redleaf; purchased from Grimo Nut Nursery, Niagra-on-the-Lake, Ontario) and 
two open-pollinated seedling lines (NY, C. americana x avellana, Grimo Nut Nursery, 
and Precocious, C. americana x avellana, Oikos Tree Crops, Kalamazoo, Ml) . Ten 
individuals of each cultivar and twenty individuals of each seedling line were planted, 
divided into two replicate blocks. Spacing between plants was 2 m within rows, row 
spacing was alternately 3 and Sm, and spacing between blocks was four meters . The site 
was disked prior to planting. Trees were planted into landscape fabric and mulched 
annually to control weeds .  The annual average temperature in the region is 1 2 .2°C, with 
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an average low temperature of -6 .  7°C in January and an average high of 30°C in July. In 
20 1 5 , the year this study was conducted, the annual average temperature was 1 l .9°C, 
with an average low temperature of -6 .9°C in January and an average high temperature of 
28 .  7°C in July. Climatological conditions are represented in greater detail in Figure 2 . 1 .  
Stomata! characteristics 
In July 20 1 5 , fully expanded leaves from the first flush of leaves were collected 
from the crown of each tree in the orchard. Leaves were placed into individual labelled 
bags and kept in a cooler with ice for transportation from the field site to the lab .  To 
evaluate the size and density of stomata, epidermal peels were taken from each sample. 
Impressions were made of the abaxial leaf surface to the right of the midvein in the 
middle third of the leaf. Clear nail polish was applied to this part of the leaf and left to 
dry completely. To remove the nail polish impression, clear packaging tape was applied 
to the leaf and peeled away to separate the impression from the leaf and remove it in one 
piece. This tape was then attached to a microscope slide for quantification. 
For each leaf, five fields of view at 400x magnification were used for analysis .  
Stomata! density was determined by counting total stomata per field of view (8. 74 · 1 0-2 
mm2) .  S ize of stomata was determined by measuring the length and width of the stoma 
closest to the center of each field of view. Length was taken across the stomata! aperture; 
width was taken across the guard cells . Stomata! area was calculated assuming stomata 
were an ellipse. All image analysis was performed in ImageJ v l  . 48 .  Differences in 
stomata! characteristics among varieties were assessed with ANOV A followed by 
Tukey' s range test. 
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Chlorophyll fluorescence 
Chlorophyll fluorescence measurements were taken every two to four weeks 
beginning May 22, 20 1 5 , with final measurements taken September 1 3 ,  20 1 5 . Leaves 
were fully dark adapted using light exclusion clips; initial data indicated that the time 
necessary for sufficient dark adaptation was 1 0  minutes. Measurements were taken for 
three leaves per tree using a Hansatech Handy PEA fluorimeter (Hansatech Instruments 
Ltd . ,  King' s Lynn, United Kingdom) using manufacturers settings .  Data from the July 1 4  
and 2 1  readings could not be assigned to individual trees and were only used to follow 
orchard-wide trends, not between-cultivar comparisons . 
Measurements of both the maximum quantum yield of PSII (Fv/Fm) and 
performance index (PIAss) were used to evaluate stress response in hazelnuts. Fv/Fm 
represents the ratio of the difference between the maximum and minimum fluorescence 
(Fv) to the maximum fluorescence (Fm) . An optimum Fv/Fm value is typically 0 . 83 ,  with 
values below this benchmark indicating stress (Maxwell and Johnson 2000) . Under 
certain conditions, Fv/Fm has been found to be somewhat insensitive to drought stress 
(Woo et al . 2000), so I also analyzed PIAss . PIAss has been shown to be a more sensitive 
parameter than Fv/Fm to certain stressors l ike chilling (Strauss et al . 2006).  For further 
information on PIAss and its derivation, see Strasser et al . (2000) . 
Differences in fluorescence parameters among varieties over time were evaluated 
with a one-way repeated measures ANOVA with Greenhouse-Geisser correction to 
account for deviations from sphericity. Fluorescence parameters from individual dates 
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were additionally assessed to determine differences between varieties using one-way 
ANOVA. 
Growth 
At the beginning of the 20 1 5  growing season, two stem tips were tagged per tree 
throughout the orchard. These stems were measured from the previous year' s terminal 
bud scale scar once every two to three weeks until senescence in the orchard to quantify 
seasonal changes in extension growth. Differences in year-end extension growth totals 
among varieties were evaluated with a one-way ANOV A. Extension growth data were 
correlated to stomatal characteristics and fluorescence parameters to evaluate their 
impacts on plant growth. Pearson' s  correlation was used to assess relationships between 
stomatal characteristics, fluorescence parameters, and growth. All statistical analyses 
were performed in R version 3 . 1 .2 (R F  oundation for Statistical Computing) . 
RESULTS 
Stomata! characteristics 
Stomata! length and width did not vary significantly among varieties (length : F6.70 
= 0 .50, P = 0 .8 1 ,  R2 = O ;  width: F6.70 = 1 .67, P = 0 . 1 4 , R2 = 0 .05) .  Stomatal length ranged 
from 23 .2  µm to 34 .3  µm with an average length of 27 . 8 1 ± 0 .27 µm; stomatal width 
ranged from 1 8 . 1  µm to 29 .7  µm with an average width of 24 .98 ± 0 .27 µm. 
Unsurprisingly, there were also no significant differences in area among varieties .  Area 
ranged from 0. 1 4  µm2 to 0 .28 µm2 with an average of 0 .22 ± 0 .004 µm2 . Stomatal density 
ranged from 1 30 . 5  to 325 .0  stomata/mm2 with an average of 2 1 5 .4 ± 5 . 1  stomata/mm2 • 
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There was significant varietal effect on stomata! density (F6,70 = 2 .42, P = 0 .03 5 ,  R2 = 
0 . 1 0 1 ,  Fig. 2 .2),  but post hoc analysis failed to detect individual pairwise differences. In 
general, stomata! density was lower in Precocious and Slate, and higher in NY and Gene. 
Year-end extension growth varied significantly among varieties (F6,72 = 3 .5 5 ,  P = 
0 .0039,  R2 = 0 . 1 64 ;  Fig. 2 .3 ) .  Extension growth ranged from 3 .4 to 5 3 . 8  cm, with an 
average of 1 4 .0± 1 . 1  cm; the cultivars Gehe and Redleaf had the highest extension 
growth, while Carmela had the lowest. Gene, a cultivar with high stomata! density, also 
had high extension growth. As there were no significant differences among varieties for 
stomata! length, width, or area, only stomata! density was considered for correlations 
with extension growth. Stomata! density was found to correlate with growth at various 
points during the growing season. Stomatal density correlated positively (0.226, 
P=0 .048) with growth measurements taken on August 1 1  (Julian date 223) .  At that point 
in the season, most varieties had reached their maximum extension growth (Fig. 2 .3 ) .  
Chlorophyll fluorescence 
Both fluorescence parameters measured in this study (Fv/Fm and PlAss) were 
lowest on the first date measurements were taken, May 22 (Julian date 1 42),  and peaked 
on August 4 (Julian date 2 1 6 ; Fig. 2 .4) .  At the early season low, Fv/Fm averaged 0 .626 ± 
0 .008 and PlAss averaged 0 .324 ± 0 .027;  at their peak, Fv/Fm averaged 0 .786±0.003 and 
PIAss averaged 2 .29 ± 0 .088  across varieties .  There was a midseason decline in 
fluorescence parameters on July 1 4  (Julian date 1 95) ,  with Fv/Fm averaging 0 .686 ± 0 .006 
and PIAss averaging 0 . 533  ± 0 .030 .  This episode corresponded with a prolonged period 
of high precipitation that led to waterlogged soils (Fig. 2 . 1 ) , after which fluorescence 
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parameters rebounded towards their midseason high. After their peak on August 4, both 
fluorescence parameters declined during the late season dry period. At the late season 
low, observed on September 1 3  (Julian date 256),  Fv!Fm averaged 0 .7 1 3  ± 0 .008  and 
PIABS averaged 1 .20 3± 0 .067.  
Fv!Fm and PIAss showed similar patterns over time when separated by variety 
(Fig. 2 . 5 ,  Fig. 2 .6) .  Repeated measures ANOVAs were conducted to determine the effect 
of variety on Fv!Fm and PIABS over time. In both analyses, the effects of variety, time, and 
the time x variety interaction were all significant (Table 2 . 1  ) .  Additional one-way 
ANOV As were conducted to detect differences among varieties on specific dates .  Likely 
due their differences in scale, PIABs generally detected more variation than Fv!Fm, a 
metric constrained on a 0- 1 scale.  
Early in the season, Fv/Fm differed significantly among varieties (F6,s 1 =4 . 1 3 , 
P=0 .00 1 ,  R2=0. 1 77) .  Varieties with high Fv/Fm like Matt and Redleaf were significantly 
different from varieties with lower Fv/Fm like NY and Precocious, establishing a pattern 
that would continue for much of the growing season. Though among-variety comparisons 
could not be performed on the data from the wet period in early July (Fig. 2 .4), some 
varieties began to show decreased performance before this date. Precocious, Slate ,  and 
Carmela all began to drop while Matt and Redleaf showed l ittle if any effect (Fig.  2 . 5 ) .  
During the late season dry period, Redleaf showed a precipitous drop in  Fv/Fm, while 
values for Precocious increased, giving it the highest performance on that date. There was 
a general trend in the latter half of the season towards fewer differences in fluorescence 
parameters among varieties, with no significant differences detected on the last date, 
September 1 3 .  
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Performance index values followed a similar trend to Fv/Fm over the season (Fig. 2 .6) .  
Repeated measures ANOVA showed significant variety, time, and time x variety effects 
(Table 2 . 1 ). The cultivar Matt was significantly different from all varieties other than 
Redleaf early in the season (F6,so=6 .77, P< l x l 0-5, R2=0 .287) and continued to have the 
highest PIAss throughout the season. The gap between the best performing varieties 
continued to increase until the onset of the late season dry period, after which point 
differences between varieties began to diminish. By August 22 (Julian date 234),  there 
were no detectable differences among varieties, though it is interesting to note that Slate, 
one of the worse-performing cultivars early on, showed the second highest FvlFm at the 
end of the season. 
Fv/Fm correlated with growth at two points in the season. On August 4,  there was 
a slight negative correlation (-0 .230) between FvlFm and growth (P=0 .042), and on 
September 1 3 ,  there was a slightly stronger correlation (-0 .289 ;  P=0 .0 1 ) . There were no 
significant correlations between growth and performance index at any point in the season. 
Linking leaf characters and plant stress 
As stomatal characteristics should be related to drought resistance strategies, a 
series of correlations between leaf characters and plant fluorescence were conducted. 
Generally, stomatal characteristics showed opposite correlations with growth between the 
early season wet period and late season dry period. Stomatal density was positively 
correlated (0.273 , P=0 .0 1 6) with FvlFm readings taken on June 23 (Julian date 1 74), 
during the early season wet period, and negatively correlated (-0.266, P=O .O 1 95)  with 
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Fv/Frn from September 1 3 ,  during the late season dry period. Performance index did not 
correlate with stomatal density. 
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Table 2 . 1 .  Results of two repeated measures ANOVAs for change in FvlFm and Pl Ass 
over time. Time and the interaction of time with variety are within-subject tests and 
report a univariate F-test using a Greenhouse-Geisser adjustment. 
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Figure 2 . 1 .  Temperature and precipitation data for the 20 1 5  growing season. Daily 
average temperature begins on Julian date 96 (April 6), the date bud break was observed 
in the majority of trees in the orchard, and ends on Julian date 268 (September 25) ,  the 
final date extension growth measurements were recorded in the orchard. Precipitation 
data are 1 0-day cumulative values.  All data are taken from the National Centers for 
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Figure 2 .2 .  Average stomata] density (stomata/mm2) for seven hazelnut varieties. Values 
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Figure 2 . 3 .  Extension growth (cm) during the 20 1 5  growing season, stai1ing from the 
average date of bud break (Apri l 7) and ending on September 25 . Values plotted are 
means for each variety. 
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Figure 2 .4 .  Fluorescence parameters (FvlFm and PIAss) for all trees in the orchard during 
the 20 1 5  growing season. Values plotted are means + SE. 
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Figure 2 . 5 .  Maximum quantum yield of photosystem II (Fv/Frn) for each of seven hazelnut 
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Figure 2 .6 .  Performance index (PIABS) for each of seven hazelnut varieties during the 
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When water supply is l imited, plants can partially or completely close stomata to 
decrease stomata! aperture, reducing the rate at which C02 enters and water vapor exits a 
leaf (Brownlee 200 1 ) .  In addition to stomata! closure, gas exchange can be affected by 
variation in stomata! density and size (Hetherington and Woodward 2003) .  While some 
studies have found responses to water loss to be controlled entirely by changes in 
stomata! aperture independent of stomata! density (Tricker et al . 2005),  other studies have 
found tradeoffs between C02 assimilation and water loss related to variation in stomata! 
density (Kundu and Tigerstedt 1 998) .  I found no differences among hazelnut varieties in 
stomatal size, but there was significant variation in stomatal density .  I found an overall 
mean stomatal density of 2 1 5  .4 stomata/mm2, similar to the mean of 226 stomata/mm2 
reported in European hazelnut by Hampson et al . ( 1 996), though this density decreased 
by a third for leaves grown in shaded conditions . Stomatal density in this survey was 
generally higher in NY seedlings and the varieties Gene and Carmela, and lower in 
Precocious and Slate (Fig. 2 .2) .  
Stomatal density was found to correlate with extension growth in hazelnuts. This 
correlation was positive near the peak of growth for most varieties, before precipitation 
decreased late in the season (Figs. 2 . 1 ,  2 . 3 ) .  This correlation was slight, and varieties with 
the lowest stomata! density (Precocious, Slate) showed average extension growth. 
Increased stomatal density has been related to higher rates of C02 assimilation in some 
systems (Kund and Tigerstedt 1 998),  but can lead to increased drought susceptibility 
through increased water loss.  In this system, it appears that growth was initially linked 
with potential gas exchange, but the cost of reduced water retention eventually decoupled 
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stomatal density from growth once water became more limiting in the site . Xu and Zhou 
(2008), found stomatal density in a perennial grass to increase in leaves produced after 
moderate drought stress, but decrease after severe drought stress .  As such, leaves 
produced once water stress has occurred may offset environmental controls on growth. 
Stomatal density in hazelnuts has been shown to change based on environmental factors 
such as shading (Hampson et al . 1 996) . As this study only characterized traits for the first 
flush of leaves, it is possible that stomatal density decreased in leaves produced later in 
the season, once the dry period had begun. Further studies should address the plasticity of 
stomatal density in hazelnut leaves produced under varying environmental conditions ; an 
ability to mediate stomatal characteristics in response to water deficit could allow for 
greater drought tolerance in certain varieties. 
Studies on tree species have shown maximum photosynthetic capacity to peak 
early in the growing season, shortly after leaf expansion, when temperatures are moderate 
and soil moisture is still high (e .g .  Grassi and Magnani 2005 , Xu and Baldocchi 2003) .  
This peak is general ly followed by  a decline throughout the rest of  the season until 
senescence, with the rate of decline sometimes exacerbated by water deficit. My results 
with Cory/us were not consistent with the patterns found in canopy trees.  Both 
chlorophyll fluorescence parameters studied here had a much more complex pattern of 
seasonal changes (Fig. 2 .4) .  Early in the growing season, Fv!Fm and PIAss increased to the 
first of two peaks observed over the season. Following the first peak in June, a decline in 
fluorescence parameters continued from late June to early July, a very wet period at the 
site . The decline in PIAss began on an earlier date than Fv/Fm, perhaps reflecting the 
greater potential for PIAss to detect the effects of certain environmental stressors (Strauss 
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et al . 2005) .  As the site began to dry out, there was a sharp rise in Fv/Fm and PIAss that 
continued until both parameters reached a seasonal high in early August, after which 
point the continued lack of rain matched a decline in fluorescence for the rest of the 
season. It is unlikely that ontological factors like leaf age would cause such a complex 
seasonal pattern. 
Though I expected late season water deficit to be a primary stressor for hazelnut 
cultivation in this region, my findings suggest that an overabundance of soil moisture 
could be equally problematic .  These results are especially surprising given that mature 
hazelnuts are considered to be quite flood-tolerant (Rutter et al . 20 1 5) ,  though negative 
effects of flooding on photosynthetic performance have been well  documented in studies 
of other species. High soil water content reduces oxygen available to a plant ' s  roots, 
decreasing root biomass and length (Pezeshki et al . 1 996, Mielke et al . 2003),  which in 
tum can lead to decreases in net photosynthesis (Pezeshki et al . 1 996). While my results 
showed a reduction in Fv/Fm during a wet period, Mielke et al . (2003) found drops in 
photosynthetic assimilation, but not Fv/Fm under similar conditions in a neotropical fruit 
tree. It is possible that other factors such as increasing temperature or the young age of 
the plants contributed to the reduction in photosynthetic performance noted here . Some 
hazelnut varieties appeared more sensitive to flooding stress than others, notably Gene, 
Slate, and Precocious (Figs. 2 . 5 ,  2 .6) .  These varieties may not be well  suited to poorly 
drained sites, at least at a young age, and additional site preparation may be needed when 
planning an orchard that includes these varieties .  Redleaf, Matt, and NY, on the other 
hand, showed little reduction in photosynthetic performance in late June and would 
appear to be more resistant to this stressor. 
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Both fluorescence parameters peaked on August 4 and then declined for the 
duration of the season during an extended period of low rainfall .  Several factors likely 
contributed to this decline . Photosynthetic performance decreases with leaf age, leading 
to seasonal declines in assimilation regardless of environmental stress (Wilson et al . 
2000, Grassi and Magnani 2005) .  In addition to these seasonal processes, environmental 
factors including temperature and drought likely contributed to the declines in Fv!Fm and 
PIAss .  High temperatures can directly lead to inactivation of PSII and thus reductions in 
Fv!Fm (Baker and Rosenqvist 2004) . In a study by Percival and Sherriffs (2002), Fv!Fm 
was found to decrease in several woody perennials after cessation of watering, and a 
study by Wilson et al . (2000) documented declining assimilation rates in response to 
drought in turnips. In hazelnuts, water deficit leads to a decrease in photosynthetic 
performance, though plants may be able to recover with relatively small amounts of 
supplemental watering (Awada and Josiah 2007) . In the orchard, photosynthetic 
performance of all varieties appeared to decline at similar rates except Slate, whose PIAss 
remained fairly steady from the August 4 peak through the end of the season, and 
Redleaf, which appeared to be much more sensitive to drought. 
For both fluorescence parameters, the cultivars Matt and Redleaf outperformed 
other varieties throughout much of the season. While this indicates that these cultivars 
were less impacted by environmental stressors and had a higher rate of photosynthesis 
(Maxwell and Johnson 2000), its implications for whole plant performance are less clear. 
There were slight but significant negative correlations between Fv/Fm and extension 
growth late in the growing season. Indeed, Matt, a variety that routinely had the highest 
or second highest Fv/Fm had the second lowest year-end extension growth (Figs. 2 . 3 ,  2 . 5 ) .  
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Redleaf, on the other hand, had consistently high fluorescence parameters and high year­
end extension growth. This variation could indicate that hazelnut varieties use different 
strategies to deal with environmental stressors . Awada and Josiah (2007) found that, 
though drought decreased photosynthesis in haze lnuts, this did not translate to a decrease 
in growth for most hybrids. Some hybrids had better absorption of water, while others 
differed in whether they had water conserving or water spending strategies . Differences 
like these could explain the discrepancies in growth rate observed between varieties with 
similar fluorescence parameters seen here . 
Stomata! conductance and photosynthetic rate are often tightly correlated (Xu and 
Baldocchi 2003) .  Accordingly, I found associations between stomatal density and 
photosynthetic performance (as measured by chlorophyll fluorescence) in the present 
study. For instance, there was a positive correlation between stomatal density and Fv/Fm 
parameters during the early season wet period, and a negative correlation between these 
parameters in the late season dry period. In addition to stomatal limitations, non-stomatal 
l imitations, including mesophyll conductance and other biochemical factors, can effect 
photosynthesis .  The relative importance of stomata! and non-stomatal factors has been 
found to differ between species, between years, and under changing environmental 
conditions (Flexas and Medrano 2002, Wilson et al . 2000). In addition, some studies have 
indicated that stomatal limitations were the primary factors relating to plant performance 
( e .g  Grassi and Magnani 2005),  while others indicated that non-stomatal l imitations were 
primarily responsible (e .g .  Ni and Pallardy 1 992, Lu et al . 1 998 ,  Wilson et al . 2000) . 
Additional factors, such as water deficit and leaf age, have further complicated these 
relationships (Wilson et al . 2000). 
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The negative correlation between stomatal density and fluorescence parameters in 
the present study indicate increased stomatal limitations on photosynthesis as a result of 
decreased water availability. High stomata! density can prove to be an asset to plant 
performance under favorable environmental conditions, but can lead to increased stress 
during drought. This tradeoff could favor plants with intermediate stomata! densities in 
areas like the Midwest, where some degree of water stress is  expected in all growing 
seasons. Continued field-based measurements of plant performance and stress during 
growing seasons with varying drought severity will shed further light on the costs and 
benefits of stomata! characteristics. 
Drought tolerance will play a key role in deciding the success or failure of 
hazelnuts as a crop in the Midwest. Water deficits can have dramatic negative effects on 
the growth and yield of hazelnuts, reducing vegetative growth by as much as 80% and 
yield by as much as 60% in mature trees (Mingeau et al . 1 994) . Water deficit during the 
period between fertilization and kernel filling (May through July in many regions) is 
especially damaging to yields. Water l imitation did not occur in this study until August; if 
this pattern of rainfall is  consistent, water deficits will not likely affect yield in this 
region. However, droughts may sti l l  hamper vegetative growth, which can reduce yield in 
future years, as lower extension growth translates to fewer inflorescences produced by 
the tree (Mingeau et al . 1 994) . Irrigation to supplement precipitation may be necessary 
for optimum yield, especially for young plants in the first years of establishment, such as 
those studied here (Rutter et al . 20 1 5) .  With temperatures expected to increase and 
summer precipitation expected to decrease in the Midwest in the coming decades 
(Wuebbles and Hayhoe 2004), the selection of drought resistant varieties in conjunction 
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with irrigation may become increasingly crucial throughout the region. Additionally, I 
have identified high precipitation as a cause of stress in young hazelnuts when soil 
becomes waterlogged. Two varieties, Matt and Redleaf, showed better photosynthetic 
performance under both water surplus and water deficit. Careful site selection for 
drainage, irrigation during drought, and the use of hazelnut varieties more 
environmentally tolerant to the region will be necessary steps towards the establishment 
of hazelnut production in the Midwest, and additional studies should address changes in 
hazelnut performance in response to environmental stressors as orchards move past the 
early establishment phase and into nut production. 
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CONCLUDING REMARKS 
In the various traits assessed in this study, certain hazelnut varieties showed 
greater performance in certain areas, but no one variety outperformed others in all 
measured traits .  The cultivar Matt, for example, produced large numbers of female 
flowers-a good indication of high productivity in mature trees-and was most tolerant 
to environmental stress, but had low vegetative growth and produced no catkins that 
survived to shed pollen in the spring. Another cultivar, Gene, had high levels of 
vegetative growth and produced a large number of both male and female flowers, but 
photosynthetic parameters indicated that it was more susceptible to environmental 
stressors than several other varieties. This study indicates that there is not one definitive 
hazelnut variety for successful cultivation in the Midwest, but rather that varieties must 
be carefully selected to meet the demands of the producer and the orchard site . For 
instance, Carmela and Gene, with their high levels of catkin production, could serve as 
good pollinizer varieties for other hazelnut selections, while Matt and Redleaf could 
provide superior stress tolerance at poorly drained sites where flooding is  expected. 
Perhaps the most important recommendations to come from this study are not for 
particular hazelnut varieties, but for the management practices and site conditions most 
conducive to successful orchard establishment in the Midwest. The cessation of 
vegetative growth noted in this orchard at the onset of the dry period suggests the need 
for supplemental irrigation of young trees during times of water deficit. Sufficient water 
supply could allow for more rapid growth and establishment and an earlier onset of nut 
production. Though hazelnuts can survive high soil moisture and even flooding, the 
decline in fluorescence parameters observed during a prolonged period of high 
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precipitation in the orchard speaks to the need for well-drained orchard sites for optimal 
plant performance. Finally, supplemental fertilizer may need to be applied to the orchard 
to maximize production of catkins to assure sufficient numbers for pollination in the 
spring after winter losses .  
Though I have identified several challenges to hazelnut establishment in the 
Midwest, with this groundwork, the crop has a good chance for success in the region. 
Widespread flowering was documented in the orchard at a young age, and all varieties 
overlapped in flowering windows, which should allow for successful pollination and nut 
production in mature trees.  Despite stress associated with both water surplus and deficit 
during the growing season, trees stil l  showed vegetative growth key to establishment and 
long term success, which would only increase with the management practices suggested 
above. Moving forward, the production of nuts by mature trees in the orchard will be a 
key indicator of this proj ect' s long term success, and will build on the groundwork set 
forth by this study. 
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